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Introduction
The aims of this investigation were to explore the susceptibility to enzymatic saccharification of wood from aspen, birch and spruce, three common tree species in the forests of Northern Europe [1] , and to understand differences in recalcitrance to biochemical conversion for production of biofuels and chemicals. The susceptibility to enzymatic saccharification was studied both with and without pretreatment. Pretreatment is used to reduce the recalcitrance of the lignocellulose and facilitate enzymatic saccharification of cellulose. The most common approach is hydrothermal pretreatment under acidic conditions, which mainly targets hemicelluloses [2, 3] .
Hardwood, such as aspen and birch, and softwood, such as spruce, differ with regard to both chemical and structural features. For example, the lignin of hardwood consists of significant fractions of both guaiacyl (G) and syringyl (S) units, whereas softwood lignin consists almost exclusively of guaiacyl units [4] . Glucuronoxylan is the main hemicellulose of hardwood, whereas glucomannan is common in softwood [5] . The constituents of the wood also differ with regard to the spatial distribution across the cell wall. The fraction of cellulose and hemicelluloses increases from the middle lamella to the primary cell wall and further on to the secondary cell wall, whereas the fraction of lignin decreases in the same direction [6] [7] [8] . Hardwood has a greater variety of cell types than softwood, the structure of which is simpler and more homogeneous than that of hardwood [6] .
Several factors are believed to contribute to the resistance of lignocellulosic feedstocks to enzymatic saccharification, but the main factors that govern recalcitrance of different species of lignocellulose are not fully understood. Previous studies have indicated that the chemical characteristics of the lignocellulose are important for the recalcitrance [3, [9] [10] [11] . For instance, high cellulose crystallinity has usually been thought to increase the recalcitrance to enzymatic saccharification [12] [13] [14] . However, as hydrothermal pretreatment under acidic conditions increases the crystallinity of the biomass, the correlation between cellulose crystallinity and digestibility has been questioned [15] . Hemicelluloses and lignin block the access of enzymes to cellulose [3, 16] . Lignin also increases recalcitrance by catalytically non-productive binding of enzymes [17, 18] . Soluble degradation products from hemicelluloses and lignin may cause partial inhibition of cellulolytic enzymes [19, 20] . G-rich lignin has been reported to cause higher recalcitrance than S-rich lignin [9] [10] [11] . Acetyl groups on xylan have been proposed to have a negative influence on catalytically productive binding of enzymes to cellulose [21] . Reduced cell wall acetylation has been linked experimentally with improved enzymatic saccharification of cellulose [22, 23] .
As different lignocellulosic materials and methods were used in different studies, it is difficult to compare results and arrive at a comprehensive view of the main causes of lignocellulose recalcitrance. Moreover, structural factors that might affect recalcitrance have received much less attention than chemical factors. In order to achieve a better understanding of the recalcitrance of wood, it is therefore valuable to compare the recalcitrance of different species of woody biomass and characterize the materials using different analytical techniques taking both chemical composition and structure into account. Pretreatment will affect both the structure and the chemical composition of the wood. Therefore we hypothesize that the main causes of recalcitrance will differ not only depending on the wood species but also depending on whether pretreatment is taken into account or not.
Pretreatment and analytical non-exhaustive enzymatic digestion of untreated and pretreated aspen, birch, and spruce was performed using a rapid, miniaturized procedure that permitted parallel processing of multiple samples and statistical evaluation of the results. The aim of the analytical saccharification of cellulose was to detect differences between wood samples rather than to produce the maximum amount of sugar. Enzymatic digestion was performed with and without supplementary xylanase to evaluate the role of xylan in recalcitrance. Pretreatment and saccharification processes were analyzed using highperformance anion-exchange chromatography (HPAEC) for quantification of monosaccharide sugars, uronic acids, and aliphatic acids. In addition to analysis of the chemical composition, the potential role played by physical-structural features including cellulose accessibility, compactness, and lignin distribution was investigated. Wood samples were analyzed using scanning electron microscopy (SEM), fluorescence microscopy, Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD), and the Simons' stain method. A better understanding of the recalcitrance of wood provides a foundation for the development of more efficient conversion technologies and more competitive forest-based biorefineries.
Materials and methods

Materials
Wood from three tree species, hybrid aspen, silver birch, and Norway spruce, was acquired from Umeå (63.83 N, 20.25 E) and surrounding areas. Wood from hybrid aspen (Populus tremula L. × tremuloides Michx.) was kindly provided by the Umeå Plant Science Centre, Umeå, Sweden. Wood chips from silver birch (Betula pendula Roth) and Norway spruce [Picea abies (L.) H. Karst] were kindly provided by MoRe Research AB (Örnsköldsvik, Sweden) and SEKAB AB (Örnsköldsvik, Sweden), respectively.
Debarked and chipped wood was milled (A11 Basic mill, IKA, Staufen, Germany) and thereafter sieved using 100-500 μm sieves (Retsch Analytical AS 200, Retsch, Haan, Germany). The wood samples were then freeze-dried to a dry-matter content of 100%. The moisture content was measured by using an HG63 moisture analyzer (MettlerToledo, Greifensee, Switzerland).
Determination of the chemical composition of aspen, birch and spruce
Portions (3 g) of freeze-dried wood samples were extracted with 200 cm 3 of a 9:1 volume ratio of petroleum ether (Petroleum Benzene, Merck, Darmstadt, Germany) and acetone using a Soxhlet system (Büchi Extraction System B-811, Büchi, Flawil, Switzerland) with 15 extraction cycles (2 h) [24] . The extracted samples were then air-dried at room temperature for about 16 h until the mass was stable. The mass fractions of lignin and carbohydrates were determined essentially according to the NREL/TP-510-42618 method [25] , except for the determination of monosaccharides, which was done using HPAEC (Section 2.9). The mass fraction of acetyl was determined according to Gille et al. [26] with five times scale up using a total amount of 1.5 mg of woody material (freeze-dried and ground with bead mill) soaked in 500 mm 3 water. The polymer-bound acetate was released by adding 500 mm 3 of a 40 kg m −3 aqueous solution of sodium hydroxide and incubated for 1 h at 30°C in a shaking incubator. Then, the samples were neutralized with 500 mm 3 of a 36.5 kg m −3 aqueous solution of hydrochloric acid and centrifuged for 10 min at 20 817 RCF. The supernatant containing acetic acid was analyzed by HPAEC (Section 2.9).
Dilute sulfuric acid pretreatment
Pretreatment was performed using dilute sulfuric acid and the conditions used for spruce were more severe than those used for the hardwood species, as softwood is more recalcitrant [2] . The dilute sulfuric acid pretreatment was carried out using a single-mode microwave system (Biotage Initiator 2.0, Biotage, Uppsala, Sweden). The reactions (triplicates of each wood sample) were performed in glass vials (0.5-2 cm 3 reaction size, Biotage) equipped with magnetic stirring bars (10 mm diameter, Biotage). The reaction temperature for aspen and birch was 165°C and the time was 10 min (resulting in a combined severity factor of 2.2). For spruce, 180°C and 5 min were used (combined severity factor 3.0). The total mass of the reaction mixture was always 1000 mg which included 50 mg freeze-dried wood sample. The mass fraction of sulfuric acid was 1% for aspen and birch and 4% for spruce. The pretreatment conditions were based upon a series of pilot experiments for each wood species, and the combined severity was calculated according to Chum et al. [27] . The reaction mixture was centrifuged for 15 min at 14 100 RCF. The pretreatment liquid was collected for determination of the yields of monosaccharides, acetic acid, and uronic acids. Prior to enzymatic digestion, the pretreated wood pellet was washed two times with 1 cm 
Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) analysis
Py-GC/MS was used to determine the S:G ratios of the wood species and the pretreated wood. The analysis was performed at the Plant Cell Wall and Carbohydrate Analytical Facility of the Umeå Plant Science Centre (UPSC) (Umeå, Sweden) according to the method described in Ref. [28] .
FTIR analysis
FTIR analyses were performed at the Vibrational Spectroscopy Core Facility of the Chemical-Biological Centre (KBC) (Umeå, Sweden). The milled wood samples were ground together with potassium bromide (KBr, Spectrograde, Fisher Scientific, Waltham, MA). The spectra were obtained on a Bruker IFS 66v/S FTIR spectrometer with a standard Deuterated Triglycine Sulfate detector, and fitted with a diffuse reflectance accessory (Bruker Corporation, Billerica, MA). The background and the measurements spectra were recorded at 256 scans and 4 cm −1 resolution. Three subsamples were taken and scanned separately. Experiments were carried out in vacuum. The spectra were baseline-corrected and normalized to the 1510 cm −1 maximum.
XRD analysis
XRD was performed with an AXS d8 Advance X-ray diffractometer (Bruker, Germany) using Cu Kα-radiation (40 kV, 40 mA) with a line-focus tube and a Våntec-1 detector. Scans were obtained in continuous mode from 2θ 10°-40°with a step size of 0.008°per step and a scan speed of 4°per min. Freeze-dried samples were analyzed in plastic sample holders, and scans of the empty sample holders were used for background correction.
Four individual crystalline peaks (101, 10Ī, 002 and 040) and a broad peak at around 21.5°assigned to the amorphous region were extracted by a curve-fitting process, 'Peak fit', assuming Gaussian functions for each peak. Iterations were repeated until the maximum F number was obtained. In all case, the F number was > 10 000 and the R 2 value was > 0.995.
The crystallinity index (CrI) was calculated from the ratio of the area of all crystalline peaks to the total area. The crystallite size was calculated by the Scherrer equation (1) based on the width of the crystalline peak at half height:
Here, hkl is the lattice plane, D hkl is the size of crystallite, K is the Scherrer constant (0.89), λ is the X-ray wavelength (1.541 8 Å), Bhkl is the full-width half maximum of the measured hkl reflection, and θ is the Bragg angle.
Simons' staining method
Direct Blue (DB, Pontamine Fast Sky Blue 6BX) and Direct Orange (DO, Pontamine Fast Sky Orange 6RN) dyes were obtained from Pylam Products (Garden City, NY, USA) and were used for the Simons' stain analysis. The modified Simons' staining procedure developed by Chandra et al. [29] was applied with a slight modification of the incubation temperature (65°C was used instead of 70°C). In accordance with the approach used by Chandra and Saddler [30] , the assay was scaled down with a factor of two.
Enzymatic saccharification
To assay the susceptibility of the wood species and the pretreated wood to cellulolytic enzymes, analytical enzymatic saccharification aiming at partial (non-exhaustive) digestion of the cellulose was carried out. Reactions were incubated in 2 cm The cellulase activity was determined according to NREL/TP-510-42628 [31] and the xylanase activity was determined following the birch xylan analytical method [32] . The liquid enzyme preparations Celluclast 1.5L, Novozyme 188, and Accellerase XY had a xylanase activity of (368 ± 11) ABXU g 
Analysis of acid pretreatment liquid and enzymatic hydrolysates
The mass fractions of arabinose (Ara), galactose (Gal), glucose (Glc), mannose (Man), xylose (Xyl), glucuronic acid (GlcA), and galacturonic acid (GalA) in pretreatment liquids and enzymatic hydrolysates were determined using an HPAEC system consisting of an ICS-5000 instrument equipped with an electrochemical detector, a CarboPac PA20 ) were: 0.05, 0.1, 0.5, 1.5, 2, 2.5. The concentrations of acetic acid and formic acid were determined by using the ICS-5000 system with the conductivity detector, an IonPac AG15 guard column (4 mm × 50 mm), and an IonPac AS15 analytical column (4 mm × 250 mm) (all from Dionex). Elution was performed with a 0.4 kg m Prior to analysis, all samples were filtered through 0.2 μm nylon membrane filters (Millipore). The concentrations of the analytes were calculated using the Chromeleon 7.1 software. The results are based on triplicate experiments.
SEM
SEM analyses were carried out at the Umeå Core Facility Electron Microscopy (UCEM) of the Chemical-Biological Centre (KBC) (Umeå, Sweden). The freeze-dried aspen, birch and spruce and acid hydrolysis residues were mounted on aluminum specimen stubs (Ted Pella, Redding, CA, USA) with carbon conductive tape (Ted Pella), and coated with Au/Pd (80:20) using a Carbon/Sputter coater (Quorum Q150TES, UK). Observations were made by using a Field Emission Scanning Electron Microscope (Carl Zeiss Merlin FESEM, Germany) operated at 4 kV with images recorded digitally with the SmartSEM V.5.05 software.
Fluorescence microscopy
Fluorescence microscopy was carried out at the Biochemical Imaging Centre of the Chemical-Biological Centre (KBC) (Umeå, Sweden). Following the sample-preparation procedure of Rahikainen et al. [33] , the isolated acid-hydrolysis residues of the woody materials were embedded in 2% agar and fixed in 1% glutaraldehyde with sodium potassium phosphate buffer (10.7 KH 2 PO 4 , pH 7.0). The samples were dehydrated in a series of ethanol solutions (ranging from 50% to 100% with 10% increase in each step) and embedded in London Resin White (TAAB Laboratories Equipment Ltd, England) according to the manufacturer's description. The specimens were then sectioned (2 μm) with a rotary microtome (Leica RM2245, Germany) and visualized by excitation in a fluorescence microscope (Axioimager Z1, Carl Zeiss MicroImaging GmbH, Göttingen, Germany).
Results
Chemical composition of wood species and pretreatment liquids
The chemical composition of aspen, birch and spruce was determined and the results are presented in Table 1 . The highest mass fraction of glucan was found in aspen (44%) and the lowest in birch (39%). All three wood species contained low levels of arabinan (0.5%-1%) and galactan (0.4%-1.6%). The mass fraction of mannan was five times higher in spruce (12%) than in birch or aspen (2.4%-2.5%), and the mass fraction of xylan was 3-4 times higher in aspen (19%) or birch (24%) than in spruce (6%). As expected considering acetylation of xylan, the mass fraction of acetyl was high (> 5%) for xylan-rich aspen and birch, but considerably lower for spruce (< 2%) ( Table 1) .
The total mass fraction of lignin in aspen, birch and spruce was 24.8%, 28.5% and 34.7%, respectively (Table 1) . Most of the lignin was Klason lignin. For spruce, 99% of the lignin was guaiacyl lignin (Table 2) . This is expected, as coniferyl alcohol is the predominant monolignol in the synthesis of softwood lignin [4, 34] . Untreated aspen and birch had an S:G ratio of 1.68 and 3.25, respectively ( Table 2 ). The dilute-acid pretreatment resulted in decreasing S:G ratios for all types of wood studied ( Table 2) .
The pretreatment liquid was analyzed using HPAEC with regard to the mass fractions of monosaccharides, aliphatic acids, and uronic acids ( Table 3 ). The predominant monosaccharide in the pretreatment liquid was Xyl for aspen and birch, and Glc for spruce (Table 3 ). Aspen and birch showed high levels of acetic acid (Table 3) , which is expected considering their high mass fraction of acetyl (Table 1) . A comparison of the data in Tables 1 and 3 shows that ∼80% of the acetyl groups were hydrolyzed by the acid pretreatment. The spruce pretreatment liquid contained high levels of formic acid (Table 2) , which can be attributed to the higher severity and thermal degradation of sugars [35] . Small amounts of GalA were found in the pretreatment liquids, while GlcA was only detected in the pretreatment liquid from aspen (Table 3) .
FTIR spectra
All spectra were normalized to the band at 1510 cm
, which is associated with aromatic skeletal vibrations [36] , especially of G-units of lignin [37, 38] . Signs of removal of polysaccharides during the acid pretreatment could be seen for all the wood samples. The band at 1743 cm −1 (C=O stretching of acetyl groups in hemicellulose, [39] ) strongly decreased after acid pretreatment (Table 4) , which indicates removal of hemicelluloses. This was further supported by the decrease of the band at 1235 cm −1 (C-O stretching in hemicellulose, [39, 40] ) after acid pretreatment (Fig. 1 , Table 4 ). The strong polysaccharide bands in the 1450-1300 cm −1 region as well as the 1200 and 800 cm −1 regions ( Fig. 1) decreased after acid pretreatment. The reduction was less significant for birch, as compared to spruce and aspen (Fig. 1) . Lignin was also affected by the acid pretreatment. The C=C band at 1595 cm −1 [36] decreased for hardwood and increased for spruce (Table 4 ). This band is commonly higher for S-units than for G-units [41] due to that the less condensed bonds of S-units contribute to a high 1595:1510 ratio [41] . The decrease agrees with the Py-GC/MS results showing a decrease in S:G ratio owing to acid pretreatment (Table 2) . This feature facilitates degradation of lignin with a high fraction of S units. The increase of the 1595 cm −1 band for spruce indicates formation of pseudo-lignin. Fig. 1 shows a slight shift of the aromatic skeletal vibration from 1510 cm −1 towards 1515 cm −1 for acid-pretreated samples. This indicates a decrease of the S-units of lignin [42] . The band at 1714 cm −1 increased in magnitude during acid pretreatment for all wood species, but it was mostly pronounced for spruce (Table 4 ). This region has been associated with C=O stretching in unconjugated ketones [40] . For both birch and aspen the intensity of the 1668 cm −1 band (conjugated carbonyl groups, [36, 37] ) decreased markedly after pretreatment (Table 4 ). For spruce, its intensity increased as a result of being elevated by the adjacent 1714 cm −1 band, but still became less pronounced, only appearing as a shoulder on the latter.
Simons' stain
Simons' staining is a method based on solute exclusion that can be used to test the accessibility of lignocellulosic materials to enzymes [43] . Arantes and Saddler [44] suggested that the Simons' stain technique can be used to estimate the external cellulose surface and the porosity of available cellulose. The results are presented in Fig. 2 . For untreated wood samples, the total amount of dye adsorbed by aspen was 2.8 times higher than for spruce and 3.7 times higher than for birch. Both the blue and the orange dyes followed that pattern. Acid pretreatment always led to increased adsorption of dye, but the effect was most dramatic for birch, which adsorbed slightly less total dye than aspen and slightly more of the orange dye. The pretreated spruce adsorbed less dye than the pretreated aspen and birch, and also less than the untreated aspen. 
Enzymatic saccharification of non-treated and acid-pretreated biomass
As the intention with the enzymatic assays was to reveal differences in susceptibility between different wood samples, it was performed as an analytical non-exhaustive hydrolysis of the cellulose. The monosaccharide yields of enzymatic saccharification are presented in Table 5 . The xylanase enzyme preparation Accellerase XY was included in the enzyme cocktail to enhance the overall hydrolysis by solubilizing xylan, and the purpose was to study the influence of the mass fraction of xylan on the release of Glc.
Without acid pretreatment, the Glc yields from aspen were about 10 times higher than those from birch and about 5 times higher than those from spruce. For the same wood species, enzyme cocktail D always gave higher Glc yield than A, and C always gave higher yields than B, which shows the beneficial effect of the xylanase preparation on glucan hydrolysis. For aspen and birch, the additional xylanase in enzyme cocktail D resulted in an improved Glc yield of around 30%, while for spruce the increase was only 14%. This difference most probably reflects the higher fraction of xylan in hardwood. The release of Ara, Gal, Xyl, and Man from aspen was always higher than that from birch (Table 5) , even though birch contains more xylan (Table 1) .
After acid pretreatment the Glc yields of birch and aspen were similar (Table 5 ). For aspen and birch, enzyme cocktail D always gave higher Glc yields than A, and C was always more effective than B. This was not the case for spruce. The difference can be attributed to residual xylan left after the pretreatment of hardwood, as indicated by Xyl release, while no Xyl was detected from pretreated spruce (Table 5) .
XRD
Two methods (determination of CrI and crystallite size) were used in the evaluation of the XRD data. Acid-pretreated spruce had a broad diffraction peak and the data were difficult to interpret. The crystallite size (in three directions 101, 10Ī, 002) of aspen and birch became larger after acid pretreatment ( Table 6 ). The clearest reflection in the 002 direction has the smallest variation between materials and has been directly related to crystallite size [15, 45] . The crystallite size in the 002 direction increased in the order aspen, birch, and spruce, but that was reversed after acid pretreatment. The peak 040, which represents the longitudinal length of crystalline domains in the microfibril [45] , decreased after acid pretreatment for all three wood samples. This can be related to decreased length of the cellulose chains after acid 
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pretreatment [46] . Both before and after pretreatment, the CrI decreased in the order aspen, birch and spruce. Thus, irrespective of the method used, evaluation of crystallite size or CrI, there was no clear correlation between cellulose crystallinity and saccharification yield for the three wood species.
SEM
SEM images were used to observe the surface and structure of the wood samples (Fig. 3) . The birch wood exhibited a dense and integrated structure ( Fig. 3C and D) . The individual birch fibers were densely packed, and the lumina of the wood cells were mostly invisible (Fig. 3C) . Most of the fibers showed an integrated cell wall structure (Fig. 3D) , and the cellular lumina were constricted at the ends (Fig. 3C) . In contrast, aspen exhibited an incongruous and less dense structure (Fig. 3A) . The fibers showed a ruptured cell wall structure and exposed lumina. Regular cells of untreated spruce showed pits on the fiber surface and partially exposed cell lumina (Fig. 3G) .
After acid pretreatment all wood samples showed a more disrupted structure (Fig. 3) . No deposited lignin droplets [47] were observed even for the spruce (Fig. 3G) , which was pretreated with the highest severity. Both pretreated spruce (Fig. 3H) and aspen (Fig. 3B) showed more pits than the untreated wood samples and opened cell lumina. Some fibers of pretreated aspen were detached from each other at the ends (Fig. 3B) . The pretreated birch fibers had the cell lumina exposed (Fig. 3E) . Moreover, Fig. 3F shows that there were many scalariform perforation plates containing intervessel pits.
Fluorescence microscopy
In general, the autofluorescence of lignin indicated that the birch had a thicker cell wall (on average 3.3 μm for aspen, 5 μm for birch, and 4 μm for spruce) ( Fig. 4C and D) . The transverse faces show that the fibers and rays of birch clearly had smaller lumen diameter than aspen (average diameter: 27 μm × 17 μm for aspen fibers and 13 μm × 10 μm for birch fibers) (Fig. 4A and C) . The tangential longitudinal face showed that the birch fibers were more tightly gathered than for aspen ( Fig. 4B and D) . Unlike the complex structure of hardwood, spruce exhibited a regular structure with varying lumen size and cell wall thickness in earlywood and latewood (Fig. 4E) .
After acid pretreatment, the fragments of aspen, birch and spruce had different shapes. Aspen and birch ( Fig. 4F and G) showed similar and relatively small changes in structure, as large cell wall fragments were still present and the shape of the cells were only slightly distorted. For spruce (Fig. 4H ) the cell walls appeared collapsed and few distinct cell wall fragments were present.
Discussion
Analysis of untreated and pretreated wood using Py-GC/MS showed that the pretreatment caused a decrease in the S:G ratio. Decreased S:G ratio as the result of acid pretreatment has tentatively been attributed to higher reactivity of S units [3, 9] . Studer et al. [10] reported that the total sugar release for dilute-acid pretreated poplar increased with a higher S:G ratio and that the mass fraction of lignin showed negative correlation with the sugar yield when the S:G ratio was less than two. Santos et al. [11] studied kraft-pretreated hardwood and concluded that decreased mass fraction of lignin resulted in a higher sugar yield and that a higher S:G ratio with the same mass fraction of lignin resulted in higher enzymatic hydrolysis efficiency. As aspen, birch, and spruce have different mass fraction of lignin, the S:G ratio would be difficult to relate to the recalcitrance in a comparison of wood from these three species. As the spruce wood had higher mass fraction of lignin and lower S:G ratio than the birch wood, but also better convertibility, the main cause of the recalcitrance of the untreated wood was neither high mass fraction of lignin nor low S:G ratio. Furthermore, pretreated birch had much higher S:G ratio than pretreated aspen ( Table 2 ), but that did not result in higher Glc yields. Acid pretreatment removes hemicellulose and causes some changes in the composition of lignin, as reflected by the decreased S:G ratio. Leu and Zhu [48] concluded that hemicellulose removal is more important than lignin removal for creating cellulase-accessible pores.
Analysis of untreated and pretreated wood by FTIR showed that pretreatment caused a decrease of the intensity of the 1668 cm −1 band, a Note: The X-ray diffraction spectrum for acid-pretreated spruce was altered significantly and had a broad diffraction peak.
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which was attributed to conjugated carbonyl groups. Yuan et al. [49] reported conjugated carbonyl-containing groups, such as oxidized Sand G-units, and spirodienone substructures in poplar lignin. Furthermore, cell walls may contain conjugated carbonyl groups in the form of esterified p-hydroxybenzoic acid and ferulic acid units [50, 51] . Hydrolysis of such ester bonds during pretreatment would result in a decrease of the mass fraction of conjugated carbonyl groups. FTIR analyses also showed an increase of a band at 1714 cm −1 after pretreatment. Formation of pseudo-lignin from holocellulose under severe pretreatment conditions has previously been shown to be associated with an increase in this region [40] . The increase at 1714 cm −1 in our study is likely associated with formation of pseudo-lignin from hemicelluloses during acid pretreatment. The results of saccharification of untreated wood samples corresponded very well to the results from the Simons' stain analysis (Table 5 , Fig. 2 ). It is noteworthy that for birch and aspen, which have relatively similar hemicellulose composition compared to that of spruce (Table 1) , the results of the Simons' stain assay also corresponded with saccharification of hemicellulose, as the yields of Xyl, Man, Gal, and Ara from untreated aspen were much higher than those from untreated birch. Enzymatic degradation of xylan, which in part mimics the effect of acid pretreatment, was, as expected, beneficial for achieving higher Glc yields. However, as additional xylanase gave similar effects for birch, aspen and spruce, xylan was not the main factor of the high recalcitrance exhibited by untreated birch.
The dilute-acid pretreatment efficiently reduced the recalcitrance of birch, which gave about twice as high Glc yield as pretreated spruce. Again, this agreed well with the results of the Simons' staining, which showed about equal dye adsorption for aspen and birch, but lower for spruce. The Glc yield from pretreated spruce was similar to the Glc yield Fig. 3. SEM images of untreated aspen (a), birch (c and d) and spruce (g), and acid-pretreated aspen (b), birch (e and f), and spruce (h).
from untreated aspen, which again agreed with the results of the Simons' staining.
The cellulose crystallinity has often been assumed to have a negative effect on cellulose digestibility, especially with regard to the initial hydrolysis rate [12, 13] . However, Pu et al. [3] noticed that the correlation between crystallinity and cellulose digestibility was not clear. Foston and Ragauskas [46] reported increased lateral fibril dimensions for poplar after acid pretreatment, which agrees with the change in crystallite size after acid pretreatment of aspen and birch in our study. In a study of saccharification of milled loblolly pine, Agarwal et al. [52] concluded that modification of the ultrastructure of the wood was more important than cellulose crystallinity, which agrees with our results on untreated aspen, birch, and spruce.
The SEM images indicated that pretreated aspen, birch, and spruce had decreased denseness, increased cellulose fibril surface, and more numerous pits and opened ray cells. These features would all contribute to the higher enzymatic digestibility of the pretreated wood. There are abundant cellulose fibrils in the secondary wall, and the helical thickenings are composed of aggregated parallel bundles of cellulose fibrils [6] . As envisaged by Pu et al. [3] , the dilute-acid pretreatment was essential to expose the cellulose fibrils and to open the cell wall structure resulting in a biomass suitable for enzymatic digestion.
Fluorescence microscopy showed that untreated birch had a dense structure and a less accessible cell wall surface than aspen. The density of wood from hybrid aspen, birch and spruce has been reported to be around 413, 475, and 385 kg m −3 , respectively [53, 54] . The high density should have contributed to the high recalcitrance of untreated birch wood. Fig. 4 . Fluorescence microscopy images for the tangential longitudinal faces of aspen (a) and birch (c), the transverse faces of aspen (b), birch (d) and spruce (e), and for acidpretreated aspen (f), birch (g), and spruce (h).
Conclusions
Depending on whether acid pretreatment was included or not, spruce and birch were most recalcitrant to enzymatic saccharification, whereas aspen was relatively easy to convert. The comparison demonstrated that the relative order of recalcitrance varied not only depending on the wood species but also depending on whether the wood was pretreated or not. Analysis of the chemical features of the wood species was insufficient to explain the differences in recalcitrance, which indicates that analysis of structural features is an essential complement for understanding the recalcitrance of wood to enzymatic saccharification. Taken together with its fast growth rate and short rotation time, the relatively high susceptibility of both untreated and pretreated aspen to enzymatic digestion makes it to an interesting alternative as a feedstock dedicated to production of liquid biofuels and other commodities in a forest-based biorefinery.
